A flux cored wire for to steel sheet welding in automobile industries has been developed. The present wire is designed to reduce the slag formation to the level of conventional solid wire by controlling oxides in the flux. The present wire also contains comparatively high C, Ni and Cr so as to improve fatigue strength of a lap joint. The experimental results of plane bending fatigue tests reveal that the fatigue strength at 2 million cyclic loading is about 50% higher than that of ordinary solid wire. The charpy tests using the 1/4-size V notch specimens show that the absorbed energy of the present wire's weld metal at -40 o C is almost equivalent to that of the conventional solid wire. Hence, it is concluded that the flux cored wire developed in the present work can be applied to steel sheet welding in automobile industries with high fatigue strength and high charpy impact properties.
Introduction
In the automobile industries, solid wires are mostly used. One In the case of high tensile strength steels, fatigue properties of welded joints tend to become crucial. As is well known, the fatigue strength of a welded joint does not increase although the strength of steel becomes higher 1) . One of the reasons for this phenomenon is said to be the residual stress and the stress concentration. Recently, Ohta et. al 2) utilized the residual stress to improve fatigue strength of a welded joint. They used the 10%Ni and 10%Cr type solid wire to reduce the transformation temperature of the weld metal, and the volumetric expansion accompanying with the phase transformation is used to make the residual stress at the weld toe compressive, which improves the fatigue strength. This kind of wire is so called LTT wire (Low Transformation Temperature). The transformation temperature of 10%Ni-10%Cr wire is about 250 o C. On the other hand, Tominaga et. al. 3) reported that 350 o C transformation temperature is sufficient to improve the fatigue strength.
In the present work, we develop a flux cored wire applicable to steel sheet welding with the reduction of slag formation. In order to improve fatigue strength of a lap joint, we add C, Ni and
Cr to the wire to reduce the transformation temperature to about 350 o C. Since the restraint of sheet welding is very low, we consciously use C to avoid high Ni and Cr contents. We also examine the charpy impact properties of butt welds, which will be shown later.
Experimental procedure
In the present work, we conduct three types of experiments,
i.e., the weight measurements and the chemical analysis of slag, the fatigue tests to examine the effects of chemical compositions of the weld metals, and the chary impact tests of butt joints. Their purposes are to reduce the slag formation to the extent of solid wires, to improve fatigue strength of a lap joint (a typical joint of steel sheet welding), and to confirm the toughness of a welded joint. All experiments are for developing a flux cored wire applicable to sheet welding.
Weight measurements and chemical analysis of slag on
the weld metal Table 1 shows the chemical compositions of flux cored wires made on an experimental basis. The wires A1 to A5 are for the chemical analysis of the slag and the wires B1 to B3 are to examine the effect of oxides in the flux on the slag formation.
We firstly conducted the bead on plate welding whose welding condition is shown in 
the weights of the welded steel sheets, and then removed all of the slag formed on the weld metal. The slag removed from the sheets was used for the chemical analysis. After the slag removal, we again measured the weights of the sheets. The difference between the weights before and after the slag removal is defined as the weight of the slag.
Fatigue tests and the residual stress measurement
Since a typical joint of sheet welding is a lap joint, we conducted lap joint welding whose welding condition is shown in Table 2 . The flux cored wires used for fatigue tests are C1, C2, C3 and D1 wires shown in Table 1 . The fatigue test specimens whose dimension is illustrated in Fig. 1 were machined from the lap joints. The plane bending fatigue tests were conducted under the condition that the stress ratio, R, is 0.1. The strain gauge was attached to the specimen in order to confirm the stress level in the vicinity of the weld toe. In the present study, we define the fatigue strength as the maximum stress range of 2 million cyclic loading at which no fatigue crack was observed. For example, the fatigue strength 300MPa means that the fatigue stress that ranges from 33MPa to 333MPa was 2 million times applied to the specimen and that no fatigue crack was observed. We also conducted the deposited metal experiments to examine the relation between the chemical compositions of the wire itself and the all weld metal.
The welding condition of the deposited metal experiments is the same of the bead on plate welding, and the welding procedure with the V groove is described in JIS Z 3111 4) . At the same time,
we measured the residual stress of the D1 wire specimen by the X ray method to discuss the mechanism of the fatigue strength improvement.
In addition, the formaster specimen of 3mm diameter and 10mm length was machined from the deposited metal of D1 wire to measure the transformation temperature. Furthermore, we conducted the butt joint welding to examine the charpy properties of the weld metals. The fact that the slag mostly consists of oxides means that the , symbol is SW), we also measured the weight of the slag using the solid wire and the results are also included in Fig. 2. Fig. 2 shows that the formations of the slag of B2 and B3 wires are almost as low as that of the solid wire with 100% CO 2 shielding gas. Fig. 3 shows the bead appearances of B1, B2 and the solid (SW) wires. It can be seen that the amount of slag of B1
Result and discussion

Reduction of slag formation
wire is larger than those of the others. The minimum slag formation is of the solid wire (SW) with Ar + 20%CO 2 shielding gas. However, since 100% CO 2 welding with solid wires is acceptable for today's automobile industries, we concluded that the reduction of oxides in the flux cored wire to 0.25% is sufficient for sheet welding use.
Fatigue strength improvement
C1, C2 and C3 wires were used to examine the fatigue strengths of lap joints. As shown in 4 shows the relationship between the carbon contents of the wire and the deposited metal. From Fig. 4 , we see that the carbon content of the deposited metal of C3 wire is 0.35%, which is about 60% of that of C3 wire itself. The same tendency that the carbon of the deposited metal is about 60% of that of the wire can be recognized in both cases of C1 and C2 wires. This is probably because the carbon inside the wire partly reacts with oxygen to form CO and/or CO 2 and escapes from the weld. On the other hand, in the case of Mn, Ni, Cr and Mo, the chemical compositions of the wire and the deposited metal are almost the same. Hence, to keep some amount of carbon in the weld metal, which is necessary to reduce the transformation temperature, we need to add considerably high carbon to the wire. The carbon contents of C1, C2 and C3 wires were determined considering this phenomenon. Fig. 5 shows the S-N curves of C1, C2, and C3 wires. We can see that the fatigue strength increases as the carbon content increases from C1 to C3 wires. Fig. 5 also includes the experimental results of the solid wire (SW). We understand that the fatigue strength of C1 wire under the condition of 2 million cyclic loading is almost the same of the solid wire (SW) (more precisely, the fatigue strength of C1 wire is slightly higher that that of SW wire, but the difference is less than 10%), while that of C3 wire is about 50% higher. The reason of the fatigue strength improvement is considered due to the reduction of the phase transformation temperature. But, 0.35% carbon in the weld metal may be detrimental to the weld metal toughness, as will be described later. Hence, we made D1 wire whose chemical compositions are shown in Table 1 . The carbon level of D1 wire is similar to that of C1 wire. However, to reduce the transformation temperature, we increased Ni in D1 wire up to B1 wire Fig. 3 Appearances of weld beads with B1, B2 and solid wires. The amount of slag of B1 wire is larger than those of the other two.
2.5%. In addition, we added no Mo to D1 wire considering the charpy impact property. Fig. 5 also shows the S-N curve of D1
wire. The fatigue strength of D1 wire is the same of C3 and about 50% higher than that of the solid wire (SW). As shown later, the charpy property of D1 wire is better than that of C3 wire, so we here examined D1 wire furthermore.
The mechanism of the fatigue strength improvement is considered the reduction of residual stress at the weld toe. To confirm this, we measured the transformation temperature of the deposited metal of D1 wire. The result is shown in Table 4 , and the transformation temperature is 340 o C. We also measured the residual stresses at the weld toe of the lap joints made with D1
wire and the solid wire (SW). The measurement method is the X ray method. The residual stress measurement was conducted at the two points for each specimen, i.e., at the mid-width of the specimen and 5mm away from the mid-width of the specimen, as illustrated in Fig. 1 . The results are also shown in Table 4 .
The transformation temperature 340 o C is not as low as that of 10%Ni-10%Cr wire that Ohta et. al. be correct. However, we think the general aspect can be described. 2) The measurement points ① and ② are shown in Fig. 1 .
However, we would like to consider the reason a little more. As mentioned already, the high carbon content of the weld metal may be detrimental to the toughness properties. So we conducted the butt welding to machine the 1/4 size charpy specimens using C1, C2 C3 and D1 wires. 2mm depth V notch was made at the center of the weld metal. For the comparisons, we also measured the impact energies of the solid wire (SW). Table 5 summaries the charpy absorbed energies of each wire at -40 o C. The absorbed energy of C1 wire is comparable to that of the solid wire (SW), while the absorbed energy of C3 wire is obviously lower. The absorbed energy of D1 wire is the best of the prototyped wires. Hence, we conclude that D1 wire is the best candidate for steel sheet welding in the automobile industries.
Conclusions
In the present work, we have developed the flux cored wire, D1
wire, for steel sheet welding whose amount of slag can be reduced to the level of 100% CO 2 solid wire, and its fatigue strength of the lap joint at 2 million cyclic loading is about 50%
higher than that of the conventional solid wire. The X ray residual stress measurement shows that the mechanism of fatigue strength improvement is considered due to the compressive residual stress at the weld toe. We also showed the good charpy properties of D1 wire. 
